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ABSTRACT. The Liquid Argon Purity Demonstrator was an R&D test stardigned to determine

if electron drift lifetimes adequate for large neutrinoetbrs could be achieved without first evac-
uating the cryostat. We describe here the cryogenic sy#teoperations, and the apparatus used to
determine the contaminant levels in the argon and to med#seieectron drift lifetime. The liquid
purity obtained by this system was facilitated by a gaseagsrepurge and preventing the gaseous
impurities from the ullage re-entering the liquid at the-jigsid interface by first condensing the
gas and filtering the resulting liquid before returning te timyostat. The measured electron drift
lifetime in this test was greater than 6 ms, sustained owerakperiods of many weeks. Mea-
surements of the temperature profile in the argon, to assesective flow and boiling, were also
made and are compared to simulation.
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Liquid argon (LAr) time projection chambers (TPCs) provalmbust and elegant method for mea-
suring the properties of neutrino interactions above a &w df MeV by providing 3D event imag-
ing with excellent spatial resolution. The ionization étens created by the passage of charged
particles through the liquid are transported with typic#udion of less than a millimeter per me-
ter of drift distance by a uniform electric field over macrggic distances. Imaging is achieved by
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sets of parallel wires oriented in different directions @edpendicular to the drift field. The signals
induced by the drifting electrons on the wires are amplified digitized by wave-form recording
electronics. The projection of a particle track in the plaeependicular to the drift field, i.e. the
plane of the wires, is given by the pattern of hits on the wiames while the projection of the track
in the plane parallel to the wires is given by the arrival tioi¢he signals on the wires [1, 2]. This
technology requires that electrons drift without attachtrte electronegative contaminants. The
time that a cloud of ionization electrons can drift befoye attach to electronegative components
is called the electron drift lifetime. LArTPC technologyshexperienced renewed and strength-
ened interest since having recently been chosen as therpcetechnology for the LBNE future
long-baseline neutrino oscillation experiment [3]. We ibegith a brief overview of LAITPC
development.

The ICARUS Collaboration led a pioneering effort in the depenent of LArTPC technology
culminating in the construction of the T600 LArTPC in 200]. [#he T600 LArTPC is housed in
a 760 ton capacity cryostat that is surrounded by insuldépgrs of Nomex honeycomb cells [5].
The cryostat was evacuated to a pressure of bar before filling with liquid argon. Electron
lifetimes greater than 6 ms were obtained with a contaninagss than 0.050 parts per billion
(ppb) oxygen equivalent.

The Materials Test Stand (MTS) at the Fermi National Acatar Laboratory (Fermilab)
was developed to evaluate the effect of different matenal®lectron lifetime [6]. The system
uses a 250 L vacuum-insulated vessel that was evacuatedéssupe of 10° Torr before filling.
The system employed commercial filter materials in a Felrilesigned filter system to reduce
contamination from water and oxygen and measured electietinles of approximately 8 ms
using a dedicated purity monitor.

The ArgoNeuT experiment at Fermilab was the first LAITPC mthnited States to be placed
in a neutrino beam [7]. Commissioned in 2009, it had an 550duuen insulated cryostat that was
evacuated before filling with liquid argon. The purificatisystem purified argon gas boiled off
in the gaseous region of the cryostat. With this system, Negdl' was able to obtain lifetimes of
about 750us.

The ARGONTUBE LArTPC at The University of Bern was developednvestigate the abil-
ity to drift electrons over distances of up to 5 m [8]. It usegaguum insulated cryostat and is
evacuated to & 10~ mbar before filling with liquid argon. ARGONTUBE has beenetn reach
contamination levels down to 0.15 ppb and achieved lifegimfe2 ms with a 240 V/cm drift field.

The conventional liquid argon vessels described in this@®eavere evacuated to remove wa-
ter, oxygen, and nitrogen contaminants present in the arhhieprior to filling with liquid argon.
Physics requirements for long-baseline neutrino experisdictate larger cryogenic vessels to
hold bigger detectors and the mechanical strength reqtoressist the external pressure of evacu-
ation becomes prohibitively costly. Thus, the concept offfpation without evacuation and testing
with The Liquid Argon Purity Demonstrator (LAPD) was propdsin 2006 [9].

The LAPD located at Fermilab was designed to achieve tha tligh purity required by
LArTPCs in a vessel that cannot be evacuated. The systess redavily on the experience from the
MTS [6] in its design and operation plan. Argon purificatiologeeded in three stages. Previous
studies suggest that the concentration of oxygen in a vg@ssged with gaseous argon can be
reduced to 100 ppm after 2.6 volume exchanges [10]. Thusr puifilling with liquid argon,
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ambient air in the cryostat is removed by purging the tank aigon gas.

After the initial purge, once the water and oxygen conceioina are at the level of a few ppm,
the walls of the cryostat are heated to dry the surfaces andrgon gas is subsequently circulated
through filter vessels to further reduce these contaminaigsid argon is then introduced into the
vessel after impurity concentrations less than 1 ppm arewaeth. The liquid is then continuously
circulated through the filter vessels in order to achieveceatrations of water and oxygen on the
order of 0.1 ppb. A photograph and a 3D rendering of the LAP$3gkand piping configuration is
shown in Figure 1.

~_Particulate

Filter
line Pri

Feedthrough

/

Figurel. A photograph of the Liquid Argon Purity Demonstration (LAP& Fermilab (left) and 3D model
of the system (right).

The LAPD had several secondary goals. First, we studieduh#er of liquid argon volume
exchanges necessary to achieve drift distances on theafcald meters. Second, we compared
simulations of liquid argon temperature gradients and witypwoncentrations in the cryostat to
our measurements using dedicated instruments installgteioryostat. Third, we monitored and
evaluated filter capacity performance as a function of flote.r&inally, after achieving the re-
quired electron drift lifetimes, the LAPD cryostat was emgtand a TPC of 2 m drift distance was
installed in the central cryostat region. High liquid argaurity was achieved with the TPC in the
tank and the details of these results will be presented imthdoming paper.

2. The Cryostat

The LAPD cryostat is an industrial low pressure storage .tafike cryostat has a flat bottom,
cylindrical sides, and a dished head. The cryostat diane®0 m and the cylindrical walls have
a 3.0 m height. The cryostat is fabricated from 4.76 mm-tid&k240 stainless steel. The internal
and external (vacuum) maximum allowable working pressares psig and 0.2 psig, respectively.
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Figure 2. LAPD cryostat sitting on an insulating foam base in PC4. laisug foam was added to the sides
and head later.

Eight perimeter anchors tie the cryostat bottom to the gidamrevent cryostat uplift. The cryostat
volume is 24,628 liters of which 21,210 liters is liquid (2%ons) with a corresponding liquid
depth of 2.9 m. Fabrication followed The American Petroldustitute Standard 620 Appendix
Q as closely as possible and the cryostat welds were fullpgeabhed. The cryostat is located
inside the Proton Center 4 (PC4) building at Fermilab. Fegiishows a photograph of the LAPD
cryostat.

The head of the cryostat is populated with four ConFlat flareyed a 76 cm diameter center
flange sealed with an indium wire. Metallic seals are useddegnt the diffusion of contamination
that would occur through non-metallic seals. The centeg#aailows for cryostat entry using an
extension ladder. Five ConFlat flanges populate the celtegdl each of which sit atop stainless
steel tube risers such that the flanges remain at room tetoperwehen the cryostat is cold. Figure 3
shows the layout at the top of the cryostat. At ground leveb @m diameter welded manhole is
available and intended to make access easier for extendedingide the cryostat. Table 1 lists
the cryostat operating parameters including the heat leditne, operating pressure, and nominal
pump flow rates.

The cryostat sides and top are insulated with 25 cm of fibgsghehich is covered by an outer
layer of 2 cm-thick-foam. The foam is covered with glassitknd a layer of mastic which provides
a vapor barrier. The cryostat sits on an insulating strattimam base also sealed with a mastic
vapor barrier. The cryostat heat leak was estimated to bexippately 2100 W. Natural air flow
under the structural base eliminates the need for founuagaters.

The cryostat was cleaned with deionized water and detetgent dried with lint free rags
by the cryostat fabricator prior to shipment to Fermilab.teAfinstallation of all components at
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Cryostat heat leak 2100 W

Internal max. pressure 3 psig
External max. pressure 0.2 psig
Cryostat volume 24628 liters
Liquid argon volume 21210 liters
Depth at full capacity 29m

Condenser cooling capacity 8400 W

Table 1. The nominal operating parameters for the LAPD including lileat leak, operating pressures,
cryostat volume, and condenser cooling capacity.
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Figure 3. A photograph of the platform on top of the cryostat showirgydbntrol systems (see Section 3.5),
the RTD translators (see Section 4.1), and the purity moféedthroughs (see Section 4.2).

Fermilab, the cryostat was vacuumed with a HEPA filter ecetgppgacuum. After vacuum cleaning,
all walls were wiped with deionized water and lint free rags.

3. The Cryogenics

3.1 Phase Separator and Condenser

The argon vapor generated by ambient heat input is condarsed liquid nitrogen. A trailer

supplies liquid nitrogen through foam-insulated 2.54 crpdiK copper piping. A phase separator
operating at 15 psig near the LAPD cryostat vents nitrogg@owrgenerated in the nitrogen transfer
line so that the condenser is supplied with single phasedligitrogen. The phase separator and
condenser were designed at Fermilab. A control valve feetlie phase separator maintains a
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Figure 4. A sketch of the LAPD condenser which shows the three coilsiloiing for liquid nitrogen, the
inlet for gaseous argon and two outlets for liquefied argon.

constant liquid level in the phase separator. The condasesists of an argon volume containing
three differently sized coils of tubing through which ligunitrogen flows. The coiled nitrogen
tubing is seamless and all nitrogen connections and weédgidside the condenser to mitigate any
nitrogen leak into the LAPD cryostat. Argon vapor is conaghby the liquid nitrogen flowing
through the caoils.

Water outgassing from the tank walls, devices, and cableseathe liquid is mixed with
argon vapor which needs to be removed to maintain high ligtgon purity. Thus, by default the
condensed liquid argon returns to the liquid recirculagmmp suction before going through the
filters during liquid recirculation. When the pump is offetbondensed liquid argon returns directly
to the tank. A control valve feeds the condenser and adjostfidw to maintain a constant vapor
pressure in the ullage. Solenoid valves choose which catibmof coils receives liquid nitrogen.
The coils operate at near ambient pressure due to the peedisap across the inlet control valve.
The coils will therefore be covered in a thin layer of argomdeie to the large temperature gradient.
Argon ice formation was accounted for in the condenser desigl no noticeable impact on the
cooling due to the argon ice was observed. Vaporized nitragjgented outside the enclosure and
not recovered. Figure 4 shows a sketch of the condensemdasdyFigure 5 shows a photo of the
phase separator and condenser in PC4.
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Figure5. A photograph of the LAPD phase separator and condenser.rgba gapor path to the condenser
and the two liquefied argon return paths are shown.

3.2 Filters

The purification system contains two filters having ideriycaized filtration beds of 77 liters.
The first filter that the argon stream enters contains a 4A cotde sieve supplied by Sigma-
Aldrich [14] that primarily removes water contaminationt lman also remove small amounts of
nitrogen and oxygen. The second filter contains BASF CU-022@ highly dispersed copper
oxide impregnated on a high surface area alumina, to remoygen [15] and to a lesser extent,
water. Thus, the oxygen filter is placed downstream of theemér sieve to maximize oxygen
filtration. The filters are insulated with vacuum jackets ahgminum radiation shields. Metallic
radiation shields were chosen because the filter regeoeitatinperatures would damage traditional
aluminized mylar insulation. Piping supplying the filtegemeration gas is insulated both inside
the filter vacuum insulation space and outside the filter Wighogel XT which is an aerogel based
insulation [16] that can withstand temperatures up to 12@ddure 6 shows a 3D rendering of the
filter vessel.

The filters are regenerated in place using heated gas, wiffehnsdrom the procedure per-
formed by ICARUS [5]. Both LAPD filters are regenerated usantpw of argon gas that is heated
to 200°C, supplied by commercial 180 liter liquid argon dewars. ©at200C, a small flow of
hydrogen is mixed into the primary argon flow and exotherityicmbines with oxygen captured
by the filter to create water. Too much hydrogen mixed in with primary argon flow induces
temperatures that are sufficiently high to damage the filiee damage is induced by sintering of
the copper which reduces the available filter surface arbas,Tprecautions are taken to maintain
a hydrogen fraction below 2.5% of the heated gas mixture.inguhe heated gas regeneration,
five filter bed temperature sensors monitor the filter mdteraperature and the water content of
the regeneration exhaust gas is measured. Both filters ace&ed using turbomolecular vacuum
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Figure 6. A 3D rendering of the filter vessel. The evacuation vesselthrdcanister holding the filter
material are shown on the left. The cross section of the Vessbown on the right.

pumps while they cool to remove remaining trace amounts témwva

At the filtered liquid return to the tank, a particulate filisith an effective filtration of 10
microns protects the tank from any debris in the piping. Therftonsists of a commercial stainless
steel sintered metal cylinder mounted in a custom cryodenirsing and vacuum jacket. Filtration
is accomplished by flowing liquid argon to the interior, theumtward through the walls, of the
sintered metal cylinder. Flanges on the argon piping, aleitlg flanges and edge welded bellows
on the vacuum jacket, allow removal of the particulate filter

3.3 Piping and Valves

The schedule 10 stainless steel purification piping thapleegargon to the filters is vacuum jack-
eted. The inner line containing argon is 2.54 cm in diametigh & 7.62 cm diameter vacuum
jacket, except at the pump suction where the inner line it lin diameter with a 12.7 cm di-
ameter vacuum jacket. During the fabrication process,ipihg was washed with deionized water
and detergent to remove oil and grease then cleaned withathAll valves associated with the
argon purification piping utilize a metal seal with respecambient air either through a bellows or
a diaphragm to prevent the diffusion of oxygen and wateramoiriation. The exhaust side of all
relief valves are continuously purged with argon gas togmediffusion of oxygen and water from
ambient air across the o-ring seal. Where possible, Cofigtaies with copper seals are used on
both cryogenic and room temperature argon piping. Pipe dlsauig the system are sealed using
spiral wound graphite gaskets. Smaller connections aremvét VCR fittings with stainless steel
gaskets.
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3.4 Recirculation Pump

The liquid argon pump is a Barber-Nichols [17] BNCP-32B-0f@gnetically driven partial emis-
sion centrifugal pump which isolates the pump and liquidoarfrom the electric motor. The
impeller, inducer, and driving section of the magnetic dimgpeach have their own bearings that
are lubricated by the liquid argon at the impeller. The migarontrolled by a variable frequency
drive (VFD) which allows adjustment of the pump speed to poedthe desired head and flow
within the available power range of the motor.

The liquid argon flow rate is measured at the pump dischargmlmerson Process Manage-
ment Micro Motion Coriolis flow meter [18]. This flow meter ippropriate for ultra high purity
liquid argon because, from the perspective of the liquidaygt only consists of stainless steel pipe
and flanges. The inertial effects of the fluid flow through tloevfimeter pipes is directly propor-
tional to the mass flow of the liquid. The mass flow rate is comegipy measuring the difference
in the phase vibration between the two ends of the flow pipe fldw curve of the liquid argon
pump with respect to mass flow and pressure is relativelysilaty that pump speed and differential
pressure are not good indicators of the mass flow rate. Tleugjtnd argon flowmeter is essential
instrumentation if the rate of filtration is to be known.

3.5 Control System

The LAPD cryogenic system is controlled by a Siemens Progralote Logic Controller (PLC) [11].
The PLC reads out the pressure, liquid level, temperata®g agalyzer instrumentation, and elec-
tron lifetime measured by purity monitors. Human-machinteriface controls are provided through
iFIX software [12] running on a PC, which is connected to thé€Rhrough local ethernet. The
iFIX software allows entry of temperature and pressure egttp and other operational parame-
ters, handles alarming and remote operator controls suopexrsing and closing valves, displays
real-time instrument values, and archives instrumentegfar historical viewing. An example of
the iIFIX graphical user interface used in the LAPD is showRigure 7.

4. Cryostat I nstrumentation

4.1 RTD Trandators

Two sets of three resistive thermal devices (RTDs) on tediord were deployed to measure thermal
gradients in the cryostat at all stages of operation andhdititevel. The motivation for installing
these translators is to verify finite element analysis (FE&rulations [26] used to model liquid
argon mass flow in the cryostat and to monitor potential coinve flow or boiling.

One translator is installed near the center of the cryostttee other is installed 1.0 m radially
outward from the center. Figure 8 shows the locations of thB Ranslators inside the cryostat
as well as the purity monitors, discussed in Section 4.2 hEamslator consists of a 50 cm-long
circuit board with three RTDs mounted at 22.9 cm intervagsslaown in Figure 9. The circuit
board is suspended at one end of a chain, with a counter-tvaighe other end of the chain to
prevent movement during an electrical outage. The chaigagma 15.13 cm circumference gear
that is driven externally, through a ferromagnetic seakiyAutomation Direct STP-MTRH-23079
stepper motor [13]. The housing around the gear also inslettrical limit switches to stop the
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Figure 7. An example of the iFIX graphical user interface for the LAP@htrols.
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Figure 8. The interior of the cryostat viewed from the top. The puritynitors, RTD translators and piping
are shown.

motor when the chain limits are reached. The stepper motamolled by an Automation Direct
STP-DRV-4850 stepper drive [13].

Teflon ribbon cables connect the circuit boards to a LakeShuardel 218 temperature moni-
tor which reads out all six RTDs. The stepper motor contraled LakeShore are controlled and
read out by a custom LabVIEW application. The RTDs are platintype K 100 Ohm and were
measured to be accurate to within 0.5 K. During a typical &itpn, the circuit board translates
vertically through the cryostat and temperature data agaised at twenty equidistant steps span-
ning the cryostat height. Each data point consists of doty-single RTD measurements with
times between steps being long enough to mitigate bias iremewnt and ensure thermal equilib-

—10 -



Figure9. The peripheral RTD translator inside the LAPD cryostat.

rium. Acquisition times between data points are approxitysi and 30 minutes for measurements
in the liquid and gas, respectively.
4.2 Purity Monitors

The purity of liquid argon is continuously monitored by a Blugridded ion chamber immersed in
the liquid argon volume. The fraction of electrons genetatiethe cathode that arrive at the anode
(Qa/Qc) after the electron drift time, is a measure of the electronegative impurity concentratio
and can also be interpreted as the electron lifetireych that

Qa/Qc=e". (4.1)

4.2.1 Hardware

The purity monitor is based on the design described in Refer§24]. It consists of four parallel,

—11 -
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circular electrodes: a disk supporting a photocathode, dpen wire grids, one anode and one
cathode, and an anode disk. The anode disk and photocathpdersdisk are made of stainless
steel; the two grid support rings are made of G-10 circuitbhoaaterial with the grid wires soldered
to the copper clad surface. The region between the anodamgidathode grid contains a series of
field-shaping stainless steel rings. The two grids, each avitingle set of parallel wires, are made
of electro-formed gold-sheathed tungsten with a 2.0 mm egf@&Ecing, 25um wire diameter and
98.8% geometrical transparency.

The cathode grid is at ground potential. The cathode, anddeand anode are electrically
accessible via modified vacuum grade high voltage feed:tir®. The anode grid and the field-
shaping rings are connected to the cathode grid by an irttelnia@&n of 50 MQ resistors to ensure
the uniformity of the electric fields in the drift regions. &asure maximum transparency [25], the
field ratios typically satisfy

E1 > 2B, > 4E; (4.2)

whereE; is the field between the anode grid and the anégdes the field between the anode grid
and the cathode grid, arig} is the field between the cathode and the cathode grid.

The photocathode is a% cm x 3.81 cm x 0.8 mm aluminum plate, coated with 50 A of
titanium and 1000 A of gold and attached to the cathode di8k [A xenon flash lamp [20] is used
as the light source. The UV output of the lamp has a wide spectbove approximately 225 nm.
An inductive pickup coil on the power leads of the lamp pregd trigger signal when the lamp
flashes. Light is directed via three multi-mode quartz @pfiibers [21] to the photocathode. Only
one fiber is needed; the other two are for redundancy. Thesfitre a 0.6 mm core diameter
and 25.4 degrees of full acceptance cone. The attenuatid®3sdB/m at 200 nm. The fibers
underwent a series of tests using a photodiode read out bydalioscope to measure the stability
and light output linearity as a function of input light inty and showed no anomalous behavior.

The electrons liberated from the photocathode drift towatee cathode grid and induce a
current on the cathode. After crossing the cathode gridekbetrons drift between the two grids.
During this time essentially no current is induced on thbedé or anode due to the shielding effect
of the grids. After crossing the anode grid, the electrodsige a current on the anode. The signals
induced on the cathode and anode are fed into two chargefargin a purity monitor electronics
module. The charge amplifiers have a 5 pF integration capaeith a 22 MQ resistor in parallel
with the capacitor. The signal and high voltage are carriethe same cable and decoupled inside
the purity monitor electronics module. Figure 10 shows asgdtic of a purity monitor installed
in the cryostat.

The LAPD system employs five purity monitor units at diffeéréatations. Each purity mon-
itor is contained in a stainless steel, perforated Faradgg ¢o isolate the system from outside
electrostatic interference. There are two types of puripnitors with different lengths and differ-
ent numbers of field-shaping rings: three long purity masitinat are 55 cm in length and two
short purity monitors that are 24 cm in length. The operaioange 0fQa/Qc for which a purity
monitor can make sensible measurements is about 0.05 - D@fs, longer electron drift lengths
correspond to operational ranges shifted to sample latgetren lifetimes. An assembly of one
long purity monitor and one short purity monitor is locategttically along the central axis of the

—12 —
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Figure 10. A drawing (left) and schematic (right) of a liquid argon gyninonitor employed in LAPD.

cryostat. Another identical assembly is located at a digtaf 1.1 m away from the center of the
cryostat. Figure 11 shows a photograph of the assemblyddastar the cryostat periphery. One
long purity monitor, referred to as the inline purity momjtes located in the circulation pipe to
measure the liquid argon purity before the liquid entersdilyestat. Three flash lamps are used
for the two purity monitor assembles and the inline puritynitar. Table 2 shows the geometrical
characteristics and voltage settings of the purity mositestalled in the cryostat.

4.2.2 Data Acquisition

Measurements of the electron lifetime are taken severagimday using a Fermilab-designed
acquisition program. Each measurement takes about onaanihine flash lamp and the high volt-
age to the purity monitors are only powered during this tim@rotect the flash lamp, minimize
degradation of the quartz fiber and reduce dust/particleraatation on the purity monitor photo-
cathode. The automation module will switch off both the flshp power supply and high voltage
to the purity monitor if the lamp has been flashing for morethd0 seconds. An 8-channel analog
multiplexing unit (MUX) is used to select which purity momitsignal is readout. Each channel
of the MUX has four inputs, three of which read the cathode amolde signals from one purity
monitor after the amplifiers and the trigger signal from theuctive pickup coil. Figure 12 shows
a block diagram of LAPD purity monitor system.

The program initializes and reads out the signals from eacitypmonitor one by one. When
the flashlamp fires, a large voltage perturbation is indugethe cathode and anode connections
which distorts the shape of the electron signals. This peation is measured and recorded before
turning on the high voltage to the purity monitors. The anade cathode signals from each purity
monitor are then measured by constructing the average afagaform samples per acquisition,
each of which are stored for offline analysis. The pulsesstegid from the voltage perturbation
due to the light source are subtracted from the signal befaleulating the lifetimes. A plot of
the averaged and smoothed signal traces produced from tg puwnitor, before and after noise
subtraction, is shown in Figure 13.

The maximum pulse heigh¥/.x, Of the anode and cathode traces are identified for each
waveform as the maximum number in the array of numbers tbegsthe noise-subtracted digitized
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Figure 11. An assembly of one long purity monitor and one short puritynitar located near the cryostat
wall inside LAPD.

waveform. The charge seen by the cathode and anode is tleertatatl as

Q = (Vinx — Vo) x f(At, RC), (4.3)

where\) is the measured baseline for the trace dt, RC) is a correction for the electronics
response function that depends on the time duration of tiremupulse At, and the measured RC
time constant of the electronics.

An additional source of electrical noise that affected theration of the purity monitor DAQ
was found to be the RTD translator stepper motor controllffisese controllers have a DC to
DC switching converter that provides the holding currenthi® stepper motors used in the RTD
translator system. The most effective way to mitigate tlois@ source was to remove the 48 volt
DC bulk power to the stepping motor controllers wheneveringty monitor DAQ was running.
After the purity monitors were turned off by the DAQ, the 48tMoC power was restored to the
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Table 2. Geometrical characteristics and voltage settings of thigypmonitor. Vag andVa are the applied
voltages on the anode grid and at the anode, respectivebctriel field values are reported for nominal
operation.

Long monitor  Short monitor

Cathode, Anode disk, grid diameter 8cm
Cathode-Cathode Grid gap 1.8cm

Anode Grid-Anode gap 0.79 cm

Anode disk/Cathode disk thickness 0.23cm
Anode grid/Cathode grid thickness 0.24 cm
Field-shaping ring thickness 0.23cm

Gap between rings 0.79 cm
Cathode-Anode total drift distance 50cm 19cm
Cathode grid to Anode grid distance 47 cm 16 cm
Number of field-shaping rings 45 15
Number of resistors 46 16
Nominal Cathode Voltage -100 v -100 vV
Nominal Anode Voltage 5 kv 2 kv
Vac/Va 0.948 0.865
Electric field between cathode grid and cathode 56 V/cm 56nv/c
Electric field between cathode and anode grids 101 V/icm leev/
Electric field between anode and anode grid 329 V/icm 342 Vicm

stepping motor controllers and a reset signal was givengadmtrollers so that they would index
back to the zero starting point for their data collection.

4.2.3 Lifetime and Attenuation Corrections

The lifetime relies on measurements of the anode voltdgand the cathode voltag¥g, which

in turn depend on amplification of induced currents on thedarand cathode. The potential exists
for differences in amplification between the anode and chtgignal voltages to have an impact
on the lifetime. We model the amplification ¥g = g, Qa andVc = ggQc, whereg, andgg are
constants with units of ADC bins per fC. If the two amplifiersed for the anode and cathode
signals are switched, the amplification becogs= gsQa andV{ = g4 Qc. The primes indicate
measurements taken with the amplifiers for the anode anddatbwapped. The lifetime and
attenuation calculations can then be calibrated by makiegsarements ofa, Va, Ve, andV{

using
Ja VA/VC
— = / . 4.4
98 Vi /e (44)

During a span of several days at nearly constant argon puorggsurements were taken with
the amplifiers swapped to measure the ratiggg. For the purity monitor with the best perfor-
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Figure 13. A screenshot of anode and cathode signals before and after ieonoval from the digitizer.

mancegq/gg was measured to be 0.973. With the measurements takengationrto the electron
drift lifetimes was applied using

t

= In((Qc/Qn) % (Ga/p)) (*:5)

T

An additional cross-check was performed by examining thecebf varying the high voltage
applied to the cathode and anode. Lifetime measurementstfre short peripheral monitor were
taken at anode voltages of 2 kV, 3 kV, 4 kV, and 5 kV. Each stedylted in purity measurements
consistent with those at nominal high voltage.
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4.2.4 Systematic Uncertainties

There are three sources of systematic uncertainty thad dmlsignificant to the purity monitor
measurements. For each of these quantities, we determit@dea limit for Qa/Qc, so that a
lower limit on the electron drift lifetime can be quoted. Tiist is the acceptance of the anode,
which we assume to be 100%. It is different from 100% if angietas generated at the cathode
traverse the entire drift distance without encounteringngwurity, but are not counted at the anode
because they travelled too far transversely from the axthepurity monitor. The second is the
possibility that electrons generated at the cathode indwgignal on the cathode grid, and are thus
counted inQc, but were actually absorbed by an impurity before arrivintha cathode grid. We
assume that this does not happen, and thus the val@g ofsed is an upper limit. The third is
the uncertainty on th&C time constant used to correct for the electronics respassdiscussed
previously. If any of these quantities is different thanumsed, then the actual values Qa/Qc
and the electron drift lifetime are larger than quoted.

4.3 GasAnalyzers
4.3.1 Oxygen, Water and Nitrogen Monitors

LAPD has an extensive gas analysis system to monitor andhakagthe processes that take the
cryostat from atmospheric air to ultra pure liquid argone Blgstem consists of seven commercial
gas analyzers. Four of these analyzers measure the oxygeantmtion and together they span
the range from 0.1 ppb to 5000 ppm. These four oxygen anayaeraugmented by two 0.1-25%
oxygen sensors which monitor the purge of the cryostat cdiadr are described in Section 4.3.2.
Two of these seven gas analyzers measure the water corticenttad these span the range from
0.2 ppb to 20 ppm. Dew point meters installed in series wids¢hwater analyzers extend the
measurement range from 20 ppm up to ambient dew points asbigh,000 ppm water. A nitrogen
analyzer completes the array of seven gas analyzers witinge taat spans 0.1 to 100 ppm.

The gas analyzers are fed by a local switchyard of 56 diaphregjves. These valves direct
the gas flow from five primary locations in the system to theemegas analyzers. A primary
location or utility gas can feed anywhere between none draf #he gas analyzers. The primary
measurement locations are the liquid argon cryostat, Wwigthoption of sampling from either the
gas or liquid phases, pump discharge, molecular sieve filiggut, oxygen filter output, and the
liquid argon fill connection. In addition to the five primaigchtions, argon and nitrogen gas from
utility sources are available to supply analyzers when oreasent from a system location is not
required.

An oil free vacuum pump is also part of the switchyard and caaceate the tubing that
connects the measurement locations and the gas analyaasudfion of the sample lines when
switching sample locations greatly reduces the time reguio reach equilibrium when the mea-
sured contamination is at the parts per billion concemmatiA high purity metal bellows pump
boosts the sample pressure from the 2 psig operating pesss$tine liquid argon cryostat to the
15-20 psig inlet pressure required by the gas analyzers.ofoghaph of the gas distribution switch-
yard is shown in Figure 14.

Filter output sampling allows determination of filter perfance and capacity. Sampling the
liquid argon fill connection is critical to ensure that thguid argon supply is within specification.
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Figure 14. Gas distribution switchyard - liquid argon gas sampling teragistribution panel.

For example, a trailer of liquid argon was rejected becausas so far out of specification it would
have required an impractical number of filter regenerattorgrocess. Without this extensive gas
analyzer system it would be very difficult to successfullketéhe cryostat from ambient air to ultra
pure liquid argon.

4.3.2 Oxygen Capillary Detectors

We deployed thirteen industrial type oxygen sensors, coréd)in two strings of six and seven,
each consisting of capillary tubes placed a different hsigio measure the oxygen concentration
during the initial gaseous argon purge. One string was glaear the cryostat wall and the other
was placed near the cryostat center. The end of each tubetisallg spaced 76.2 cm from the
next in the string, with the string spanning the height of¢thgstat. The “central” set was placed
on the tank axis, the “peripheral” set was 112 cm radially. olihe sensors are located inside
small glass jars with plastic coated lids. The sample tubesl® mm diameter capillaries, and
run continuously from the intake point through a ConFlatdkaito the jars. All capillaries are the
same length, with the excess length coiled up above thetfeedgh flange, to assure matched
time response. The jars are mounted on feed-through flanges.

5. Results

The LAPD was operated in two separate run periods. In eadhdyehe cryostat was operated
in three phases; a gaseous argon purge, gaseous argonlegicin; and liquid recirculation. The
first run period was September 2011 to April 2012. Each of lineet phases of operation were
performed to test the devices and filters. For this period,ctiyostat was filled one-third full to
confirm the feasibility of measuring the liquid argon puritihe second period was from December
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Figure 15. The cryostat temperature as measured by the three ceefitplafhd the three peripheral (right)
RTDs. Data were taken after the first trailer of liquid argaasvdelivered to the cryostat, corresponding to
a liquid argon depth of 69 cm. On these figures, the liquides@fcorresponds to a value of -200 cm as
measured from the top of the cryostat.

2012 through September 2013. The cryostat was completidg filith liquid argon and measure-
ments of the liquid argon purity were performed under vaioperating conditions. This section
describes the results for the second period, and when apf@gicmeasurements are compared to
those obtained in the first run period.

5.1 Temperature M easurements

The liquid argon in the LAPD cryostat is not at thermal eduilim. The vapor is continually being
removed and condensed in an external condenser, then atmitteliquid argon drawn directly
from the cryostat and then sent through purification filtes®ole being returned to the cryostat.
This evaporation of liquid argon from the surface is seemallg by a surface turbulence, and
detected by the RTDs as a temperature drop between the Quikl Ibelow the surface and the
vapor above in the ullage.

Figure 15 shows a scan of the cryostat taken after the firstfijuid argon for the central and
peripheral RTD translators. A very sharp temperature gradapproximately 80 K over 50 cm is
present in the ullage just above the liquid surface. The dhtavn were taken only from the
downward direction to avoid the thermal lag one sees whegitheit board is moving out of the
liquid.

Figure 16 shows the temperature measurements for the ldemds obtained from a relatively
quick scan with the cryostat full. The slight change of terapg&re with depth is less than 25 mK
over 2 m. At the bottom of the scan there is a fluctuation of exiprately 30 mK, attributed
to the returning purified liquid argon introduced at the bwitof the cryostat. The measurement
distribution of any one RTD at a given position in the liqusliggests a peak-to-peak spread of
about 10 mK, implying the relative precision of a single megasent is on the order of a few mK.
The measurements are compared to FEA calculations [26]eod good agreement in both the
gradient and absolute temperature.
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Figure 16. The liquid argon temperature taken at several locationsimvthe cryostat as measured by the
three central RTDs, compared to FEA calculations. This &dllustrates the precison with which the tem-
perature is measured and shows a temperature variatioasofilan 25 mK over 2 m. The FEA calculation
is the same for all RTDs and is only compared to the top RTDtjposiThe precision of each RTD is 0.5 K;
uncertainties reflect the distribution of measurementserahan the absolute uncertainty.

5.2 Gaseous Argon Purge

A gaseous argon purge was peformed at the beginning of eagleriod. In this phase of operation,
gaseous argon is pumped from the bottom of the cryostatadigyg the ambient air which exits
out the room temperature feedthroughs at the top of the ttyoshis method mimicks an argon
“piston” in the sense that the higher density gaseous arggerelers a boundary between it and
the ambient air, which moves vertically upwards. For the fieriod, the two sets of sampling
gas capillaries, described in Section 4.3.2, were instatleneasure the oxygen concentration and
follow the rise of the argon gas as it displaces the lightebiant air.

The purpose of these measurements was to understand ihldenetls of impurities and obtain
information for comparion to FEA flow models to validate orprave those models. The spatial
and temporal concentration measurements provide infasmabout the degree of diffusion and
mixing during purges. Each purge lasted approximately 8mel exchanges or 24 hours and
corresponds to a 1.15 m/hour piston rise rate and 2.9 andoBi# Iper volume exchange for the
first and second period, respectively. The gaseous argonrfitawvas constant throughout each
purge. Figure 17 shows the fraction of ambient air retainét respect to the measured oxygen
levels during the gaseous argon purge in the first run pedothe seven capillary tubes installed
in the central region of the cryostat and the six capillatyetiinstalled in the peripheral region of
the cryostat. The front of gaseous argon is clearly presemidicated by the successive reduction
of oxygen seen by each capillary tube as a function of timez HIBA calculations reproduced the
behavior of the argon front, but with a time lag of about 45u@s. This lag is suspected to be due
to imperfect modeling of the capillary tube geometry.

The capillaries were removed at the end of the first periodygurThe removal lasted 15
minutes, during which time argon gas flowed into the crycst@t14-0.17 cubic meters per minute

— 20—



10

11

12

13

14

Volume Exchanges Volume Exchanges

0 0.5 1 15 2 25 0 0.5 1 15 2 25
T T T T T C T T T T T

—— Tube 1: 183.95 in from top ]|
Tube 2: 153.05 in from top |

—— Tube 1: 184.66 in from top _ 1
—— Tube 2: 151.04 in from top 7|

—— Tube 3:119.09 in from top

o ° —— Tube 3: 121.02 in from top
_E 0'87 — Tube4:87.10 n from top 7] .g 0.8 - —— Tube 4: 89.06 in from top |
< - ——— Tube 5:54.98 in fromtop | T L ) i
§ L —— Tube 6: 23.47 infromtop ] § L —— Tube 5:57.05in fromtop |
c 06 Tube 7:597 infromtop | - 06 —— Tube 6: 25.02in from top ]
2 H 1 S L ]
§ 0.4 Central measurements | § 0.4 Peripheral measurements _]
- - — . = .
= L ] = [ ]
< L il < L il
0.2~ — 0.2~ —
0 C I I I | T - 0 C I I I 1 T -
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Time (hours) Time (hours)

Figure 17. Oxygen concentrations for the a) central and b) peripheaalsampling capillaries taken at
several heights with respect to the cryostat bottom obththeing the initial gaseous argon purge for the
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Figure 18. The water and oxygen concentrations in the LAPD during the gaseous argon purges as a
function of the number of volume exchanges. The plot showsatiter concentration and the oxygen con-
centration measured by both the gas analyzer and the oxygédiacy tubes. Similar results were obtained
for both purges.

(m3/min). During the extraction, the water, oxygen, and nigiognonitors were switched to argon
gas utility as a precaution because the bellows pump dragasgfrom the cryostat could pull
a vacuum on the cryostat if the argon flow into the cryostapd. After these devices were
switched back to measuring the cryostat gas, an increasbooft 8.2 ppm @ and 0.4 ppm N
was observed. With the capillaries removed, the makeup gasdfiopped from 0.0099 #min to
0.0042 ni/min. At the end of the purge, 203%ad passed through the cryostat, corresponding
to 8.2 volume exchanges. The oxygen level was reduced topsr? fhe water concentration was
reduced to 0.99 ppm, and the nitrogen concentration waseedio 13.4 ppm. Figure 18 shows
the concentrations of water and oxygen during the gaseq@as gourges for both periods, along
with the results from the capillary tube oxygen measureméoim the first period. In both run
periods the water concentration was reduced to approxiynagpm. The oxygen concentrations
were reduced to 10 and 7 ppm for the first and second run pegegectively. Throughout both
purges, the nitrogen concentration remained nominallylsi@ 18 ppm. The argon purges for both
run periods delivered similar results.
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the second period, plotted as a function of time and of thebmrrof volume exchanges. The gap in the
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sampling alternate components of the system.

5.3 GasRecirculation

After the removal of the ambient air from the argon purgepargas was pumped through the
molecular sieve and oxygen filter at a rate of a volume exohawgry 3.4 hours, then returned
to the cryostat. The gas recirculation for the second pemodfor about 77 volume exchanges
corresponding to one week. Figure 19 shows the oxygen arel wahcentrations, measured by
the water and oxygen gas analyzers, for the gas recircnlatiase. At the end of this phase, the
oxygen concentration was reduced to approximately 20 pglif@water concentration reached a
stable value of 667 ppb. The nitrogen concentration wascestito 13.7 ppm. The overall results
for the gas recirculation phase indicate that water ouagafem all surfaces of the cryostat and
piping, and that the outgassing rate is matched by the fitraaite after several volume exchanges.

5.4 Liquid Argon Filling

For the second period, the cryostat was filled with liquicbarfom the DO calorimeter at Fermilab.
Filling the cryostat occurred in multiple stages. The dorabf each fill varied from 4 to 6 hours.
Table 3 presents the liquid argon trailer contaminant cotmadons along with details of each
successive fill for the second run period. The four traileesemdelivered over a period of two
weeks in January, 2013. The total volume of liquid argon gudieia the cryostat was 21,309 liters,
corresponding to 29.7 tons.

5.5 Liquid Argon Recirculation

After the cryostat was full, the liquid recirculation pumsvstarted and filtration proceeded by
routing liquid argon through the two filters. Figure 20 shdiws water and oxygen concentrations
in the cryostat liquid as measured by the water and oxygelyzera as a function of time for three
select intervals immediately preceding purity monitorragien. These intervals were separated by
several weeks and occurred either after filling the cryamtaterventions where the ullage space
was exposed to the atmosphere. The measured oxygen caticentras compared to simulation
assuming perfect mixing in the cryostaiged explanation for “perfect mixiny’ The figure shows
that in the first two time intervals, perfect mixing was nohi@wed. This discrepancy suggests that
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1

2

O2 (ppb) HO (ppb) N (ppm) liquid depth (cm) LPF  Rate (LPM)

Trailer 1 202 99 10 69 5015 1890
Trailer 2 200 225 9 147 10719 2220
Trailer 3 400 180 9 220 16120 1970
Trailer 4 197 66 10 292 21309 1700

Table 3. Concentrations of oxygen, water, and nitrogen measuredch &ailer before introduction into
LAPD. The liquid argon height is measured in inches from thttdm of the cryostat corresponding to the
number of liters delivered to the cryostat after each fill F)LPAIso shown is the fill rate in liters per minute
(LPM).

the filter efficiency was not sufficient to remove impuritiggeg the initial contamination levels.
In the last time interval however, perfect mixing was neadhieved.
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for each cleanup. The measured oxygen concentration (opéesy is compared to a simulation assuming
perfect mixing (black line).
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Figure 21 shows the water and oxygen concentrations mehsutbe cryostat vapor space
with the cryostat totally filled with liquid argon, along \withe temperature in the PC4 hall. The
temperature and the water concentration in the cryostatrvapace are closely correlated and
suggests significant outgassing of water in this regions Ehtonsistent with results obtained from
the MTS and suggests that the majority of the contaiminaitidroduced into the liquid can be
attributed to the contamination in the vapor space.

After several liquid volume exchanges, the contaminatias sufficiently low to begin opera-
tion of the four purity monitors inside the cryostat and thiéie purity monitor upstream from the
filters. The results presented in this paper were obtained) ise short purity monitor located at
the periphery of the tank. Of the five purity monitors, thie@howed the best performance and
provided measurements with the highest precision.

Figure 22 shows the cathode peak pulse hef@biand the ratio of the anode and cathode peak
pulse heightQa/Qc, over the complete LAPD run with several periods of exterstadle running.
We measure a drift time of 0.31 ms, corresponding to the tirfference between the cathode peak
and anode peak. The value depends on the purity monitoreapptiltage and the type of purity
monitor. Using this drift time value measured by the shorigteeral purity monitor, measured
electron drift lifetimes of more than 3 ms and occasionaltyethan 6 ms were obtained for several
periods of sustained running. With the exception of the Ipegpheral purity monitor which
showed significant and immediate photocathode degradatierother purity monitors exhibited
performance similar to that shown in Figure 22.

The cathode purity monitor signal appears to become lessegifiover time. Nevertheless,
even with low cathode signals, measured lifetime valuesansistent with those at times during
which good signals were achieved. The pump speed, and tbugothme exchange rate were
changed over several time intervals throughout the run. dfed no correlation between volume
exchange rate and measured lifetime values.

6. Discussion and Conclusion

The tests performed using the LAPD were motivated by the heeeduce costs associated with
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Figure 22. The cathode signal)c) indicated as open red circles and the anode-to-cathode(€/Qc)
indicated as solid black circles for recirculated liquig@m over all LAPD running. The andode-to-cathode
ratio is correlated with electron lifetime, calculated atues of 0.95 and 0.8. Gaps in the data occur when
either the purity monitors do not have sufficient resolvirggvpr or when they were not operating. Spe-
cial events are enumerated with the following descriptid¢f¥ Circulation pump trip for an extended time
period. (2) Beginning of contaimation cleanup, see Figia.2(3) Pump trip lasting one hour resulting
in subsequent zero flow to the filters (4) Start of flow to filtefer the pump trip. (5) Stopped pump for
removal and repair (6) Start of second cleanup, see Figure(ZPStart of third cleanup, see Figure 20c. (8)
Pump restart after a few-day period to insert a digital camer

the construction of an evacuable cryostat for future niiltiton detectors. The primary goal of the
LAPD has been achieved using a three stage approach ingladjaseous argon purge, followed by
stages of gas and liquid recirculation. Measurements frortypmonitors installed in the cryostat
suggest that purities that allow for large electron drifitimes can be achieved in a large volume
of liquid argon without first evacuating the vessel. In aidditto demonstrating that evacuation is
not necessary for achieving long electron lifetimes, welist temperature gradients, the liquid
argon volume exchange rates, filter loading capacity, aaatiect of introducing other materials
into the cryostat.
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